Abstract: Molecular dynamics simulations based on a bond-order force field (ReaxFF) have been performed to examine the structural evolution of fishbone-type carbon nanofiber-supported Pt nanoparticles, with particle size ranging from 5.6 Å to 30.7 Å.
INTRODUCTION
Size-dependent catalytic properties of supported metal nanoparticles have been the subject of extensive investigations. [1] [2] [3] [4] [5] [6] The dispersion of metal atoms in catalysts is approximately equal to the reciprocal of metal particle size in nanometers; 7, 8 that is, small metal particles have more atoms or active sites exposed than large ones provided that the metal loading is identical, which in turn gives rise to a higher catalytic efficiency for structure-insensitive reactions. On the other hand, metal nanoparticles can be viewed as surrounded by surfaces with different local geometries, such as terraces, steps, kinks, and corners, etc. The sites on these surfaces are distinguished by the number of their nearest neighbors. Small metal particles have much more under-coordinated sites while large ones are dominated by coordinatively saturated terrace sites.
Thus, the dependence of catalytic properties of metal nanoparticles on their particle sizes arises from the distinctive adsorption behaviors of different surface sites, which is usually represented in terms of ligand (electronic) and ensemble (structural) effects. 1 Carbon-supported Pt-based catalyst is among the most attractive materials as electrodes in fuel cells, which exhibits high catalytic activities for both hydrogen/methanol oxidation 9,10 and oxygen reduction reaction (ORR) 11 at low temperature. In particular, Pt particle size was proposed to have a significant effect on the specific activity and mass activity for structure-sensitive methanol oxidation 3, 12, 13 and ORR. 4, [14] [15] [16] [17] [18] [19] [20] [21] Frelink et al. 3 found that for the particle size ranging from 1.2 nm to 4.5 nm a reduced particle size results in a decrease in the specific activity for methanol oxidation, while for the particle size greater than 4.5 nm the specific activity keeps almost constant. Shao et al. 4 investigated the ORR in HClO 4 solutions with Pt particle size in the range of 1-5 nm. Their results indicated that the specific activity increases rapidly as the particle increases up to 2.2 nm and then slowly with a further increase.
The presence of edge Pt sites which have strong oxygen binding energies was proposed to be the primary reason for the observed low specific activity at low particle sizes. Mayrhofer et al. 18, 19 studied the ORR on a carbon-supported Pt catalyst and found that adsorption of oxygenated species is enhanced with decreasing the particle size. The increase in oxophilicity in small particles leads to a decrease in the specific activity for the ORR, because OH ad /O ad can effectively block the active sites required for adsorption of O 2 and/or the splitting of the O-O bond. Nørskov and co-workers 20, 21 have demonstrated how the atomic-scale modeling on the surfaces of nanoparticles can assist in understanding particle size effects in electrocatalysis. In their work, density functional theory (DFT) calculations were performed to estimate the ORR kinetics on the Pt(111), Pt(100), and Pt(211) facets. 20 Small particles that have more Pt (211) exhibit lower specific ORR activity than large particles that are dominated by Pt(111) and Pt(100) because O and OH radicals are bound too strongly to the steps and hence increase the energy barrier for water formation at these defect sites.
Since Pt particle size plays a vital role in electrocatalysis, the investigation of the microstructures and properties of supported Pt nanoparticles of different particle sizes is highly desired for rational catalyst design. Carbon nanofibers (CNFs) have many important advantages as an electrode material, including high surface area, inertness in basic and acidic solution, 22 high conductivity, 23, 24 and tolerance to CO poisoning. 25 In our previous study regarding Pt 100 particles supported on fishbone-type CNFs (f-CNFs), 26 four f-CNF cone-helix models with different basal-to-edge surface area ratios and edge plane terminations were employed to represent the surface conditions of carbon supports. Molecular dynamics (MD) simulations based on a reactive force field (ReaxFF) were carried out to examine the interaction between Pt particles and f-CNFs. The calculated results indicated that more exposed f-CNF edge planes lead to a more negative binding energy of the Pt 100 particles to the f-CNF and thus to a higher restructuring degree of Pt 100 particles. As the ReaxFF is well suited to deal with the Pt-CNF system, our early work provides a foundation of studying the evolution of Pt nanoparticles of different particle sizes supported on f-CNFs.
In this contribution, Pt nanoparticles of 10 to 800 atoms are deposited on f-CNF/60, with the particle size ranging from 5.6 Å to 30.7 Å. Their different structural evolution upon adsorption is investigated through MD simulations based on the ReaxFF. As Pt particle size increases, the variations in first-shell Pt-Pt coordination number and radial distribution function in the supported Pt particles are calculated with respect to those in the corresponding isolated Pt particles to quantify the restructuring degree. Pt-C bond length distribution and the binding energies of the Pt particles to the f-CNF are computed to quantitatively represent the Pt-CNF interaction. The cohesive energy of the Pt particles is correlated with their particle size, in order to reveal its negative contribution to Pt particle restructuring. The surface properties of the supported Pt particles, including first-shell Pt-Pt coordination number and Pt dispersion, are finally calculated and the relationship between the microstructures of active metal surfaces and their catalytic properties is elucidated.
COMPUTATIONAL DETAILS

ReaxFF
The ReaxFF is based on a bond-order approach 27, 28 and a charge equilibrium scheme 29 parameterized from quantum chemical data, providing a good compromise between accuracy and computational efficiency. The analytical expression of each energy contribution and a detailed explanation of their physical meaning can be found in ref. 30 and the supporting information of ref. 31 . The ReaxFF was originally proposed for hydrocarbons 30 and has been extended to model many systems. [31] [32] [33] [34] [35] [36] [37] More recently, it succeeded in accounting for the CNT growth mechanism on Ni. [38] [39] [40] In this work, the Pt/C ReaxFF parameters employed were optimized by using DFT calculations with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional and norm-conserving pseudopotentials. 41 Early studies have demonstrated the reliability of such Pt/C ReaxFF parameters for depicting the interaction between Pt particle and f-CNF. 26, 41, 42 2.2. MD Simulation MD simulations have been performed using the LAMMPS code 43, 44 with the ReaxFF. A time step of 0.25 fs was adopted, which ensures energy conservation of the simulated system through a few trial ReaxFF simulations in the microcanonical ensemble (NVE). 41 The minimization of the system energy was preliminarily conducted before MD simulations. In the MD simulations, we used 50 ps to equilibrate the system at 600 K by using the canonical ensemble (NVT) and the Nosé-Hoover chain thermostat. 45 An MD simulation was subsequently carried out in equilibrium for 250 ps.
Model Construction
Pt particles containing 10, 20, 50, 100, 150, 200, 300, 400, 500, 600, 700, and 800 atoms respectively) were constructed on the basis of the fcc structure. Before the Pt particles were supported on f-CNFs, simulated annealing was performed to get stable particle structures. The minimization was combined with 20 cycles of MD simulations from 300 K to 1500K and then back from 1500 K to 300 K. After the annealing simulation, the diameters of Pt particles range from 5.6 Å to 30.7 Å, as listed in Table 1 , and the structures of the isolated particles are shown in Figure S1 (see Supporting Information). The cone-helix model for f-CNF was obtained with a continuous graphite ribbon spiraling along the principal axis. 46 The effect of the basal-to-edge surface area ratio of f-CNF on the interaction between f-CNF and Pt 100 was studied in our previous work. 26 The f-CNF with the disclination angle of 60 o (denoted as f-CNF/60) which has a low basal-to-edge surface area ratio has the greatest interaction with Pt 100 , and therefore the f-CNF/60 was used in this work to support various Pt particles. The adjacent helical cones of the f-CNF/60 have the same sequence of armchair and zigzag arrangements. 26 The diameter of the f-CNF/60 is increased to 60 Å to eliminate interactions among the three supported Pt particles. Periodic boundary conditions were imposed on the cone-helix models of the f-CNF/60 to depict the f-CNF/60 morphologies along the principal axis. The number of helical cones involved in one cell, the corresponding number of atoms in the f-CNF/60 models, and the cell lengths in the z direction are given in Table 1 . In order to eliminate the lateral interactions, the cell lengths in the x and y directions are two times greater than the diameters of the Pt/f-CNF system (see Table 1 ).
The initial structures of the Pt particles supported on f-CNF/60 are illustrated in Figure S2 (see Supporting Information In order to quantitatively represent the restructuring degree of the supported Pt particles, first-shell Pt-Pt coordination number and radial distribution function are calculated and compared to those in the corresponding isolated Pt particles.
First-Shell Pt-Pt Coordination Number
Experimentally, it is feasible to get the mean first-shell Pt-Pt coordination number in supported metal particles, which makes it possible to compare the structural information between theoretical and experimental data. In this work, the distributions of the first-shell Pt-Pt coordination number in the Pt particles are calculated as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 root-mean-square deviation in the resulting samples. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 atoms. In large Pt particles, the maximum probability of the first-shell Pt-Pt coordination number appears at 12 and therefore most of the bulk Pt atoms are coordinatively saturated, but in small Pt particles, the probability of first-shell Pt-Pt coordination number of 12 is zero or takes a much smaller value, indicating that all or most Pt atoms are located on the surfaces of the Pt particles. Upon adsorption the distribution of the first-shell Pt-Pt coordination number changes significantly in small Pt particles. However, when the Pt particle size is greater than 2 nm in diameter (Pt 300 ), the difference in the first-shell Pt-Pt coordination number between supported and isolated Pt particles becomes much lower. This definitely indicates particle size plays a significant role in the restructuring degree of Pt particles. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (
where CN is the mean first-shell Pt-Pt coordination number in a Pt particle, n is the number of Pt atoms, a takes the value of 12, which is the first-shell coordination number in bulk Pt, and b and c are the fitted parameters, as given in Figure 4 .
From Figure 4 , it is apparent that the mean first-shell Pt-Pt coordination number increases with Pt particle size for both isolated and supported Pt particles, which eventually approaches the coordination number of bulk Pt atoms. In the isolated Pt particles, the mean first-shell Pt-Pt coordination number increases from 5.37 in Pt 10 to 10.33 in Pt 800 , as given in Table S1 . The trend in the mean first-shell Pt-Pt coordination numbers in the supported Pt particles with respect to Pt particle size is rather similar to that in the isolated Pt particles, where the coordination number is changed significantly for the Pt particles less than 2 nm in size, as shown in Figure 4 . In addition, the supported Pt particle has a lower mean first-shell Pt-Pt coordination number than the isolated Pt particle of the same size, and the difference between them decreases with increasing Pt particle size; that is, upon adsorption the restructuring degree of Pt nanoparticles becomes lower as Pt particle size is increased. Upon adsorption some Pt atoms migrate to the interface between Pt and f-CNF or onto the support surfaces, and therefore lattice strain is inherently introduced with particle restructuring.
Pt-Pt Radial Distribution Function
The degree of the lattice strain in the supported particles can be described by the comparison of Pt-Pt radial distribution function (RDF) between the supported and isolated Pt particles, as given in Figure 5 . The Pt-Pt RDF, Pt-Pt g (r), offers a direct measure of the probability of finding another atom at a distance r from a reference Pt atom and is defined as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60
where (r) ρ is the density at a distance r away from a reference atom and ρ is the average density of the Pt particle.
For the isolated Pt particles the typical peak of RDF at about 2.8 Å indicates the first-shell Pt-Pt bond length. With the increase in Pt particle size, more peaks are present at longer Pt-Pt interatomic distances and become sharper. Upon adsorption the RDF in the small Pt particles is changed significantly, where the intensity of the peak present at about 2.8 Å is substantially weakened. This is induced by the significant restructuring of small Pt particles. As the particle size increases from Pt 10 to Pt 600 , the difference in RDF between the isolated and supported Pt particles decreases. However, what is beyond our expectation is that for Pt 700 and Pt 800 [e.g., Pt 700 (II) and Pt 800 (III)], the RDF could be even sharper than that in the isolated particles, indicating that upon adsorption the Pt particles of ~3 nm and higher in diameter have an even higher crystalline degree 50 than the corresponding isolated particles. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the supported Pt particle to the overall RDF is computed, as illustrated in Figure 6 . From the figure, it can be seen that for the Pt atoms that are bonded to the f-CNF, the intensity of the RDF peak present at about 2.8 Å in both Pt 200 and Pt 800 is weaker than that of the corresponding isolated Pt particle, indicating that the crystalline degree of the Pt atoms at the interface are lowered once Pt particles are deposited on the f-CNF support. In contrast, the RDF obtained from the Pt atoms that are far away from the f-CNF in the two Pt particles has a sharper peak at 2.8 Å than that of the corresponding isolated particle. It is rational to deduce that the increase in the crystalline degree in the upper part of the supported Pt particles arises from the strong metal-support interaction. As the RDF of the entire Pt particle is the sum of the contributions from the upper part of the particle and the Pt atoms at the Pt/f-CNF interface, the overall RDF would be affected by the ratio of these two kinds of Pt atoms. At low particle sizes, the majority of the Pt atoms is located at the interface and gives rise to a lower crystalline degree of the entire particle than that of the corresponding isolated one, while at large particle sizes the Pt atoms in the upper part of the particle are predominant, and a higher crystalline degree is attained. This provides a rational interpretation of the variation of the crystalline degree with particle size, as observed in Figure 5 .
Through the comparison of the structural properties between the isolated and supported Pt particles, one can see that the restructuring degree of the Pt particles upon adsorption on f-CNF/60 decreases with the particle size. In our previous study concerning Pt 100 particles supported on different f-CNFs, the restructuring degree of the Pt 100 particle might vary with the surface conditions of f-CNF (i.e., the basal-to-edge surface area ratio and H termination). As only one type of f-CNFs (f-CNF/60 with a disclination angle of 60°) is used in this work to ensure that the f-CNF supports have the same surface conditions, metal particle size effect would be responsible for the different restructuring degrees of the Pt particles upon adsorption.
Interaction between Pt Particles and f-CNF/60
Pt-C Bond Length Distribution
As mentioned above, the Pt particles get more closely to the f-CNF/60 surface with the formation of covalent bonds between the Pt particles and the f-CNF/60 surface. The probability distributions of Pt-C bond length are calculated to study the morphology at the interface between the Pt particles and f-CNF/60, as shown in Figure 7 . The probability distributions of the bond lengths are normalized in the range [x 1 , x 2 ] in such a way that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 probability of the Pt-C bond length of 2.5 Å is higher. In our previous study of Pt 100 adsorbed on f-CNF, 26 the Pt-C bond length distribution of Pt 100 particle varies with the basal-to-edge surface area ratio and also depends on whether the f-CNF is terminated by H, which is eventually determined by how frequently Pt atoms are in contact with the edge (or basal) planes.
On the basis of this information, it can be deduced the similar Pt-C bond length distribution observed in this work arises from the same superficial structure of the f-CNF/60 support, while the different metal particle sizes adopted have a minor effect. In Pt 10 (II), Pt 20 (I), and Pt 20 (III), a few Pt atoms move into the interlayer between two adjacent graphene sheets and interact only with the basal planes, as illustrated in Figure 2a , thereby leading to an increase in the probability of the Pt-C bond length of 2.5 Å.
Binding Strength of Pt Particles to f-CNF/60
To quantitatively represent the Pt-CNF interaction, the binding energy of the Pt particles to f-CNF/60 is defined as
where Pt/f-CNF E is the average total energy of the Pt particle adsorbed on the f-CNF upon 250 ps of equilibrium, Pt E is the average total energy of the isolated Pt particle with the fixed geometry upon adsorption, and f-CNF E is the average total energy of the f-CNF. Under this definition, a more negative binding energy indicates a stronger binding strength between the Pt particles and the f-CNF. The relationship between the binding energies of the Pt particles and the number of the Pt atoms bonded to f-CNFs is shown in Figure 8 . Pt dimer, which supports our conclusion that a higher Pt-Pt coordination number of bonded atoms leads to a less negative binding energy per bonded atom.
In our previous study concerning Pt 100 particles adsorbed on f-CNFs, greater interaction strength between Pt particles and f-CNF gives rise to a higher restructuring degree of Pt 100
particle. 26 In the present work, large Pt particles inherently have larger contact region and thus more Pt atoms bonded to f-CNF than small ones, leading to a stronger interaction with f-CNF/60. However, a lower restructuring degree is simultaneously observed, as evidenced by the aforementioned comparison of first shell Pt-Pt coordination number and radial distribution function between isolated and supported Pt particles. Thus, the restructuring degree of the Pt particles cannot be quantified simply by the interaction strength, once Pt particles of different sizes are taken into account. On the contrary, the binding energy per bonded Pt atom offers a measure of how strongly Pt atoms tend to move from metal particles to the Pt/f-CNF interface or support surfaces. With the increase in Pt particle size, the driving force for the formation of single Pt sites is lowered.
Cohesive Energy of Pt Particle
Apart from the binding energy per bonded Pt atom, the cohesive energy of Pt particles could probably have an effect on the restructuring of metal particles. The cohesive energy of Pt particles is plotted against metal particle size, as shown in Figure 9 . Analyzing the relationship between them, we found that the cohesive energy of Pt particles can be expressed as
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54 Figure 9 . Relationship between cohesive energy and Pt particle size From Figure 9 and Eq. 5, one can see that the cohesive energy of the Pt particles increases with Pt particle size, which is in good agreement with the results of the isolated Pt particles reported by Qi and Wang. 55 The decrease in the cohesive energy of the supported Pt particles implies the decrease in the number of Pt-Pt bonds per atom and in the strength of Pt-Pt bonds.
Therefore, in small Pt particles Pt-Pt bonds can be readily broken, leading to the migration of Pt atoms from Pt particles to f-CNF surfaces. As a consequence, the ratio of the bonded to overall
Pt atoms increases and a more significant restructuring of Pt particles results. On the other hand, the majority of the Pt atoms in large Pt particles is located far from the f-CNF surface and the high cohesive energy makes Pt atoms difficult to migrate from metal particles to f-CNF, giving rise to a less restructuring degree.
It should be noted that in small Pt particles, especially in the Pt 10 particle, the majority of the Pt atoms is detached from the particle, leading to atomic adsorption of single Pt atoms on the f-CNF/60. It was reported that the catalyst with single Pt atoms supported on the surfaces of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 iron oxide has maximum efficiency and shows excellent stability and high activity for both CO oxidation and preferential oxidation of CO in H 2 . 56 According to our findings, it is essential to lower the size of the Pt particles deposited on f-CNFs during catalyst preparation, in order to strengthen the Pt-CNF interaction and to attain a lower cohesive energy of metal particles, which eventually gives rise to single Pt atoms adsorbed on supports.
Surface Properties of Supported Pt Particles
Pt Dispersion
As the active metal surfaces play a vital role in heterogeneous catalysis, and because the restructuring degree of Pt particles upon adsorption varies with particle size, we move on to examine the effect of particle size on the surface properties of the supported Pt particles. Metal dispersion which is defined as the molar ratio of surface to overall metal atoms in particles, 49 is an important property that can be experimentally measured by CO or H 2 adsorption, or TEM. A higher dispersion implies more atoms exposed and a higher catalytic efficiency for structure-insensitive reactions.
The location of Pt atoms in particles is identified by first-shell Pt-Pt coordination number. A Pt atom with a first-shell coordination number of 12 signifies its bulk nature and a lower coordination number indicates that it is located on the surface. 57 In the isolated nanoparticles, Pt atoms are coordinated solely to the other Pt atoms, while in the supported particles Pt atoms could be bonded either to Pt or to C atoms. Consequently, for all the Pt atoms in the isolated Pt particles and the majority of Pt atoms in the supported Pt particle which are not bonded to the f-CNF/60, the surface atom is identified by the first-shell Pt-Pt coordination number being no more than 10, as proposed by Lee et al. 57 For the Pt atoms bonded to the f-CNF/60, the surface atom is identified by the first-shell Pt-Pt coordination number being no more than 4. The relationship between Pt dispersion and the number of atoms involved in isolated and supported particles is given in Figure 10 . From the figure, it can be seen that the supported metal particles have rather a close Pt dispersion to the isolated metal particles of the same size.
A variety of surface sites of Pt particle are inherently eliminated upon adsorption. Nevertheless, for small Pt particles, adsorption-induced restructuring tends to raise the dispersion of the supported particles to be comparable to that of the particles in vacuum, while for large Pt particles, the ratio of eliminated to overall surfaces is rather low, giving rise to a close Pt dispersion of the supported metal particles to those of isolated ones. With the increase in Pt particle size, Pt dispersion of the isolated and supported Pt particles decreases.
Coordination Number of Surface Atoms on Pt Particles.
Metal particle size (and hence the coordination number of surface atoms) plays a significant role in structure-sensitive reactions. For instance, in the ORR the oxygenated species acting as reaction intermediates have stronger binding strength to small Pt particles, and the energy barrier for water formation at the coordinately unsaturated sites was found to be considerably increased. 20 The relationship between the mean first-shell Pt-Pt coordination number of surface Pt atoms and the particle size is shown in Figure 11 (more details are given in Table S2 ). Through the comparison between Figures 4 and 11 , one can see that the surface Pt atoms have a lower mean first-shell Pt-Pt coordination number than the overall Pt atoms in both the isolated and the supported particles, and the trend in the mean first-shell Pt-Pt coordination number of the surface Pt atoms with respect to the particle size is similar to that of the overall Pt atoms, i.e., the mean first-shell Pt-Pt coordination number of surface Pt atoms increases with the particle size. The relationship between the mean first-shell Pt-Pt coordination number of surface atoms and the number of atoms in Pt particle can also be represented by Eq. 2. With the increase in Pt particle size the mean first-shell Pt-Pt coordination number of surface atoms gradually approach that of the Pt atoms on the close-packed facet, and therefore the parameter a takes the value of 9 and the fitted parameters are shown in Figure 11 . The mean first-shell Pt-Pt coordination number of surface Pt atom increases with the Pt particle size. According to the d-band model 58 , a lower coordination number of late transition metal atoms gives rise to a narrower d-band and thus an upshift of d-band center in energy, which usually causes a stronger chemisorption at these sites. Therefore, for structure-sensitive reactions it raises the possibility of tailoring the catalytic behavior of metal particle by controlling the particle size. that have diameters less than 2 nm. When the Pt particle size is greater than 2 nm (Pt 300 ), the restructuring degree of the supported Pt particles becomes much lower. As the Pt particle size is increased to ~3 nm (Pt 700 and Pt 800 ), however, the crystalline degree of Pt nanoparticles is even higher than that of the corresponding isolated ones because the strong metal-support interaction has a positive effect on the crystalline degree of the upper part of Pt nanoparticles. This definitely indicates particle size plays a significant role in the restructuring of Pt particles.
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